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News from WOCE-IPO

Since the last Newsletter,
international planning for WOCE has
accelerated. Of particular importance
werethe Planning Meetings held for Core
Projects 1 and 3. The first for Core
Project3was held atthe Royal Society,
Londonon 2-5 September, and was chaired
by George Needler and attended by some 50
scientists. Itis reported on elsewhere
in this Newsletter. The second,
addressing Core Project 1 and held in
Washington, 10-14 November, was attended
by about 70 scientists and was chaired by
Carl Wunsch. It will be the subject of an
article in the next Newsletter.

New member of the IPO

. The IPO is happy to welcome Dr
o Peter Koltermann of the Deutsches

¢ HydrographischesInstituttoits staff.

: Dr Koltermann is being supported by
e the WOCE National Committee for the
:Federal Republic of Germany and is
« expectedtostayatthe IPOuntil 1990.

. Additional staff membersare being

[ ] .

« Sought from other nations.

Published by:

The Core Projectsremain the central
focus of the planning of WOCE and were
major item of discussion at the meeting

the WOCE SSGinWashington 10-14 December.

It was decided at that time that the
reports of the Planning Meetings for the
three Core Projects should be published in

the WCP Publication Series as a record of
the opinions of the participants in these
meetings. Planning of each core project
would then be carried on by the working
groupsthatwere formedbythe SSG. Their
membership and terms-of-reference are
given below.

The SSG also reviewed progress onthe
WOCE hydrography and geochemical tracer
programme, which had been called the RV
WOCE programme. It was decided that the
name had been causing problems regarding
an understanding of the scope of the
programme and itwas thus renamed the
Hydrographic Programme, the WHP. Inorder
to address the scientific aspects of
collecting the uniform high-quality
hydrographic and geochemical tracer data
sets required for WOCE, the SSG formed the
WHP Planning Committee. Its terms-of-
reference and membership are also given
below. Consideration is also
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being given astohow bestto manage a
programme of this size and scope.

The next major step will be the
preparation of the first Implementation
Plan for WOCE for approval by the SSG at
its meeting in November. It will draw
heavily on input from the Core Project
Working Groups. The Implementation Plan
will be presented to nations at an
international/intergovernmentalmeetingto
be held in Paris in the fall of 1988. At
thistimeitshouldbe possibletoassess
whether or not national contributions to
WOCE willmeetthe overall requirements of
the international WOCE plan and to
identify both areas being adequately
addressed and those requiring further
resources.

The extent to which WOCE should be
involved in programmes to measure the
uptake of anthropogenic CO ,intheoceans
hasbeenthe subjectofdiscussionwithin
the SSG and the CCCO. It has been agreed
in principle that during the WOCE global
surveys samples for the measurement of
dissolvedinorganic carbonandalkalinity
will be collected on a non-interference
basisduring standard hydrographic casts.

This should provide a data base against
which the future uptake of anthropogenic

CQ may be measured. The development of
the sampling strategy and the analysis of

the samples for this programme is being
taken to be beyond the scope of WOCE and
is being considered by a subcommittee of

the CCCO and elsewhere.

The newly constituted working groups
are as follows:

Core Project 1 Working Group

Terms-of-Reference:

1. Toberesponsibletothe SSG forthe
scientific planning for Core Project 1
and to develop plans for its
implementation, including contributing
to the WOCE Implementation Plan.

2. To consult and cooperate with the
working  groupsfor Core Projects 2and
3,theNumerical Experimentation Group,
and those working groups involved with
the technical and operational aspects
of WOCE on matters of common concern.

3. To keep the Director of the WOCE-IPO
informed ofsignificantdevelopments
in the planning of Core Project 1. The

IPO will supply support staff to the
working group to the extent possible.

Members: H. Bryden, A. Clarke (Co-
chairman), R. Davis, R. Heath, M.
McCartney, J. Merle, Y. Nagata, D.
Roemmich, W.Roether, F.Schott, L.
(Co-chairman).

Talley

Core Project 2 Working Group

Terms-of-Reference:

1. Toberesponsibletothe SSG forthe
scientific planning for Core Project 2
and to develop plans for its
implementation,including contributing
to the WOCE Implementation Plan.

2. To consult and cooperate with the
working groups for Core Project 1 and
3,theNumerical Experimentation Group,
andthoseworking groupsinvolvedwith
thetechnicaland operational aspects
of WOCE on matters of common concern.

3. To liaise with international bodies,
suchas SCAR, thatsupport programmes
relevanttoWOCE inthe SouthernOcean.

4. To keep the Director of the WOCE-IPO
informed of significantdevelopments in
the planning of Core Project 2. The
IPO will supply support staff to the
working grouptothe extent possible.

Members: N. Bagryantsev, J. Crease, A.
Gordon (Chairman), P. Killworth, L.
Merlivat, W.Nowlin, D. Olbers, A. Piola,

W. Roether, A. Sarukhanyan.

Core Project 3 Working Group

Terms-of-Reference:

1. Toberesponsibletothe SSG forthe
development of adetailed scientific
plan and conceptual design for WOCE
Core Project 3, The Gyre Dynamics
Experiment, including contributing to
the WOCE Implementation Plan.

2. To advise the SSG on how best to
proceed after completion of the
detailed scientific plan for Core
Project 3.

3. To consult and cooperate with the
working groups for Core Projects 2 and
3,theNumericalExperimentation
andthose working groups involved

Group,
with



thetechnicaland operational aspects

of WOCE on matters of common concern.
4. Tokeepthe Director ofthe WOCE-IPO

informed of significant developments

in the planning of Core Project 1. The

IPO will supply support staff to the

working group to the extent possible.

Members: A.Clarke, A. Colinde Verdiere,
R. Davis, T. McDougall, J. McWilliams
(Chairman), R. Pollard, A. Watson.

WOCE Hydrographic Programme
Planning Committee

Terms-of-Reference:

1. Toberesponsibletothe SSG forthe
scientific advice necessary for
designing and carrying out the
hydrographic-geochemical tracer
programmes specified by the WOCE Core
Projects.

2. To advise on the accuracy to which
measurements shouldbe carriedout, the
facilities required at sea and on
shore, and the capability needed of
ships in the programme.

3. Todeterminethe necessary protocols
that must be established to carry out
the WHP by both dedicated ships and
laboratoriesand national programmes.

4. To advise and consult with the
operational arm ofthe WHP programme on
ship scheduling, cruise tracks and the
technical aspects of data collection
and sample analysis to ensure that the
pro grammeis effectively carried out.

5. To advise the SSG whether proposed
management structures for the
operational aspects ofthe programme
are consistent with the scientific and
technical requirements necessary to
collectuniformhigh-qualitydatasets.

Members: M.Fieux, T.Joyce (Chairman).Y.
Nozaki, P. Saunders, R. Weiss, W.

George Needler,

WOCE.IPO,

Institute of Oceanographic Sciences,
Wormley, Godalming, Surrey, U.K.

Zenk.

The Core Project 3 Planning
Meeting

During 1986 planning meetingswere
for each of the WOCE Core Projects. The
second of these, for Core Project 3, was
held at the Royal Society, London, 2-5
September. Core Project 3, the Gyre
Dynamics Experiment, isthat part of WOCE
that will concentrate on studying the
processeswhich mustbe betterunderstood
if models of decadal climate prediction
are to be developed during WOCE. The
premise putforwardinthe Scientific
is that by studying certain processes in
one ocean basin in sufficient detall it
will be possible to make major advances in
the modelling of that ocean basin which
may be extended to the global ocean.

The basic objective of the meeting was
to identify those process studies that
should be given priority during WOCE
considering WOCE's overall objective of
developing andtesting modelsfordecadal
climate prediction. Since much of the
process-oriented physical oceanography
being carried out at the present time and
foreseen for the future could be argued to
have some relevance in this regard, this
was clearly not an easy task. The second
objective of the meeting was to take a
first step towards designing component
experiments.

Presentations

The meeting opened with overviews by
PeterRhines, Jurgen Willebrand, and Bill
Holland. They reviewed from the
theoreticaland modelling points-of-view
our present understanding of gyre
dynamics, the strengths and weaknesses of
existing theories and models and the key
guestions needing investigation. Among
the latter were the details of the
processes controlling the injection of
potential vorticity and water massesinto
the ocean interior and leading towards
theirhomogenizationonisopycnalsurfaces
as well as the transfer of properties
across such surfaces.

held
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To aid discussions several strawman
proposalswere presentedtothe meeting.

In this regard the North Pacific was
discussed by Lynne Talleywhoreviewed the
existing data base and knowledge of the
dynamics as a basis for formulating the
guestions needing to be answered. She
then outlined the gyre-scale experiment
relying primarily onlarge-scale surveys

to address the issues.

Jim Luyten discussed what is known
about the subduction of water masses in
the North Atlantic and their changes in
properties as they circulate around the
gyre, outcrop further to the north, and
are once again reintroduced into the
interior. He then presented a detailed
plan for an experiment to address the
initial stages of this process. The
general issues of ventilation and
subduction were then reviewed by John
Woods.

Strawman proposalswere also given by
Greg Holloway and Breck Owens for the
study of gyre-gyre exchange mechanismsand
the deep circulation respectively. The
latter was to some extent based on
considerations of how to test Stommel-
Arons type balances in a deep basin.
Peter Saunders responded with some
comments on this approach.

Two measurement techniques were also
presented for consideration. Walter Munk
described the latest possibilities for
using tomography in gyre scale
experiments. Bill Young introduced the
possibility of using purposeful tracer
releases to study diffusion along and
across isopycnal surfaces. Recent
successful experimentsin small enclosed
regions using chemicals that can be
detected at extremely low concentrations
hadrenewedinterestinthisexperimental
approach. Questions remained as to the
appropriate experimental designfortheir
use in the open ocean.

The importance of using neutral
surfaces for the analysis of the
distribution of various oceanic properties
wasraised by Trevor McDougall. He showed
differences that would arise in the
interpretation of potential vorticityand
mixing. John Marshall made some unifying
remarks concerning the subtropical
recirculation, bottom forcing, and gyre
exchang e.

Working Groups

Afterthe presentations, the meeting
wasdividedintogroupstoaddresslimited
aspects of the meetings objectives. It
was decided that the most effective
division would be three working groups to
examine the processes needing
consideration in Core Project 3 in the
oceanicsurfacelayer,theoceaninterior,
andthedeepcirculation. Several plenary
sessions were held to ensure the meeting
as a whole was kept informed of the
progress and that as comprehensive and
uniformapproach as possibletothetotal
issues was being reached.

The Working Group on the oceanic

Surface Layer, which was chaired by Jim
McWilliams, decided there are at least
threereasonsforcarryingout
within the Gyre Dynamics Experiment.
These are to elucidate particular
processesimportanttothe circulation, to
assessor calibrate asparse measurement
scheme used globally (Core Projects 1 and
2), and to provide data sets for either
forcingmodels ofalimited oceanregion

or comparing with their solutions.
Suggestionswere made for experiments for
each of these categories.

A pair of process studies might be
addressedtothe question of convectionin
winter, one in a subpolar region of deep
water formation and one in a subtropical
region of mode water formation (for
example,18 °waterinthe North Atlantic).
In both cases the experiment should
encompass significant spatial
inhomogenicity and a full winters cycle.
Issuestoaddresswould be the patchiness
andintermittency of convection, the mass
fluxes involved, the fate of the water
formed over several months,
preconditioning of the region, surface
fluxes during convection, the fraction of
waterventilated, and the structure of the
small-scale turbulence.

The front between subtropical and
subpolar gyres is a region of intense
variability and of anomalous fluxes with
the atmosphere, betweengyresthroughthe
meandering and breaking of the surface
current,and horizontally and

the

experiments
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in the vicinity between fronts through
secondary circulations. ltwasidentified

as needing study. The scale of an
experiment would be several hundred
kilometres horizontally, several hundred
metres vertically and would need to last
several months in order to span the
principle scales of variability and to

obtain representative estimates of mean
fluxes.

The processes of ventilation and
subsequentrestratificationandsubduction
of newly formed water masses requires
attention. Experiments already planned
for the North Atlantic were noted and it
was unclear whether further subduction
experimentswouldbe neededinthisregion
or elsewhere.

The estimation of the global surface
fluxes of momentum, heatand saltis both
difficult and of great importance for
WOCE. Although calibration of the
estimation procedures will be needed
through avariety oflocal measurements of
limited extent, there willalsobe aneed
forthe more uniformand complete sampling
ofafullbasininordertotake advantage
of data averaging and compositing and the
constraints of physical budgets.

Similar considerations arise fromthe
need for surface buoyancy and forcing
fields for ocean circulation models of a
complete oceanbasinthatwillberequired
for incorporation and comparison with
model solutions in substantially more
detail than will be available globally
from Core Project 1. Other important
objectives concernclimatological studies
of ocean-atmosphere interaction, the
seasonal cycle and the exchange between
the surface boundary layer and the ocean
interior, and the need to bridge the
samplingand modellinggap betweenprocess
studies and the global experiment. The
extentofmeasurements should be atleast
fromthe equatortotheice margininone
basin. The resolutions put forward for
further consideration were 250 km in the
horizontal and 2 months in time.

Lastly, the working group considered
thewind-driven, ageostrophiccomponent of
velocity that is important in the upper-
oceanboundarylayerevolution, transport,
and exchange with the atmosphere and
interior ocean. Its bulk properties
(horizontal transport and integrated
divergence) should be closely related to

the surface wind stress, although this is

not well verified. Verification of the
space and time-scales over which the
theoretical relationship is valid and
tests of whether the vertical shear can be
adeguately modelled and estimatedfromthe
global observing system are required.

The Working Group on the Interior

Circulation chaired by Mike McCatrtney,
also faced the question of the balance
between gyre-scale and the more
traditional localized process-oriented
experiments. Alsoconsideredwasthe need

to carry outacomprehensive experiment of

one ocean gyre in order to determine its

dynamics and to provide a base for
comparative studies with others.

Inordertofocusthework, some ofthe
group’sinitial discussion concerned the
definition of an oceanic gyre. This
allowed considerations of intense return
flows, westernboundary currentsandtheir
separation, Sverdrupinteriors, cross-
exchanges, and the extent of regions of
exchange with the surface layers and the
deep circulation.

The working group identified six
scientific goals for studies of the
interior circulation. These are:

1. the need to obtain a complete
guantitative descriptionofthegeneral
circulation and the property fields of
a subtropical gyre for the pe
the Gyre Dynamics Experiment;

2. the determination of the varieties and
degrees of connectedness between the
subtropical gyres and the adjacent
tropical, subpolar and deep
circulations,

3. the assessment of the seasonality of
various elements of the subtropical
gyre circulation;

4. the determination of the balances of
mass transport, potential vorticity,
heat, salt, andtracersinthevarious
physical regimes of the subtropical
gyre;

5. thedeterminationofthe buoyancyflux
and balances and the processes of
maintenance of the main thermocline
with an understanding of their
differences in regions of strong
negative buoyancy flux versus weak
negative or even positive flux;

gyre
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6. and the assessment of the roles of
bottom roughness and bottom slope in
theinterior gyre vorticity balance.
Tomeetthefirstthree ofthese

itwas agreed that the gyre would need to

be surveyed in some detail in order to

obtainadatabaseformappingthegeneral

circulationandthe property fields of the
subtropical gyre, the deep circulation
underneath it and the adjacent parts of
the tropical and subpolar circulations.

Primary tools would be hydrographic

sectionsand simultaneousreferencelevel

calculations using acoustic doppler
profilers and floats (surface and deep).

The horizontal and vertical resolution of

the sections would be such as to resolve

the dominant eddy-scales and they would

forma netwith amaximum 1000 km spacing
in the interior and less where pattern
scalesarem  uch smaller.

Ideally such agrid would be occupied
at least four times to get an indication
of seasonal changes butthis goal could be
partially met by occupying some key
sectionsandclosedboxes morefrequently.
Inaddition, the acquisition oflongtime
seriesofsome selectedstations orgroups
of stations at even greater frequency
could help examine the time variability.

The last three of the stated goals
concern more the dynamical nature ofthe
interior circulation rather than its
overall description. For these goals the
gyre survey described above will not be
sufficientand more detailed experiments
on sub-gyre scales will be necessary. The
working group foresaw a series of
experimentsin smaller “control volumes”
designedto examine particular dynamical
guestions that would involve some number
ofthemeasurementtoolsavailable. These
include floats and drifters of various
kinds, detailed hydrography, current
meters, pressure gauges, inverted echo
sounders, acoustictomography, satellite
altimetry, and purposeful tracers.

The Working Group on the Deep

goals

Circulation, chaired by Russ Davis,
expressed the opinion that the relative
infancy of the theory for the deep
circulation dictated a somewhat more
descriptive experimentalapproachthanwas
suitable for the better understood
dynamics in and above the thermocline.
While experiments could be designed to

examine specific processes of the deep
circulation, a major goal of the Core
Project 3experiments should be obtaining
accurateandwell-resolved pictures ofthe
hydrographic, tracer and velocity
observationsinawell-resolvedareathat
should be large enough to define changes
in the deep general circulation but yet
small enough that it could be well-
sampled.

One ofthe critical processes needing
study is that of topographic form stress
that may represent a very significant
exchange of momentum with the bottom. Two
observation strategies were suggestedto
directly measure this effect. Firstly,
fromthe measurementofthe deep velocity
by current meters, say 100 m from the
bottom for a year, the average bottom
pressure gradientcould be estimatedfrom
geostrophyandthe bottomstressortorque
calculated. Secondly, the bottom pressure
might be measured by altimeter
measurements and ageoid determined onthe
length scales of the topography combined
with hydrographically determined changes
of pressure with depth. The need for
experiments in a number of dynamically
different regions was seen.

Estimates have shown that frictional
dissipationofabyssal eddy kineticenergy
may remove asignificant proportion of the
wind energy of subtropical gyres. In
addition, the structure of deep boundary
currents can also provide important
diagnostic information for assessing the
adequacy of eddy-resolving ocean
circulation models. Thus, studies of the
deepcurrentsinvarious higheddyenergy
areas are indicated.

Diapycnal mixing remains one of the
crucial uncertainties in models of the
ocean circulation with results highly
dependent on the choice of the diffusion
coefficientanditbeingimpossibleto use
a constant diffusivity and obtain both a
realistic thickness for the thermocline
and meridional heat flux. Thus, the
spatial dependence and parameterization of
mixing remains a key question. The
working  group felt that the possibility
now exists that diapycnal mixing may be
measurable using a long-term deliberate
tracerrelease. ltwas noted howeverthat
the feasibility and strategy for such an
experimentwasnotclearandthatrelease
experiments will not determine the



vertical diffusion ofactive tracers such
astemperature and salinity, which affect
density, or of potential vorticity.
Double-diffusion, cabbeling, the nature of
neutral surfaces and the dynamically
active role of potential vorticity may be
significant. Thus, further studies using
purposeful tracers and other techniques
forquantifying diapycnal mixing processes
were recommended.

Theanalysisand predictionofproperty
fields on the large-scale also depends on
knowledge of the lateral flux by smaller
scale motion. The large-scale diffusivity
ishoweverfullydeterminedbythe single-
particle lateral diffusivity which can be
estimatedfromthetrajectories ofpseudo-
Lagrangianfloats passingthroughanarea.
Thefloatscouldalsobe usedtodetermine
the mean flow. No direct additional
requirement for descriptions of lateral
mixing were identified.

The working group spent considerable
effortconsideringa“well-measured”basin
experimentthatwould directly measure the
large-scale balancesinordertodetermine
the relative importance of specific
processesineddy-resolvingmodelsandthe
adequacy of parameterizations in those
withlessresolution. Measurements ofthe
horizontalvelocitywould be madedirectly
with floats and current meters with
vertical shear being provided by
hydrography. Float dispersion would be
usedtobound|ateral diffusivetransports
and purposeful tracers to help determine
them in the vertical. The fields of
various  conservativeandnon-conservative
tracers would be determined and used to
infer the vertical velocity.

Apotential site forthe well-measured
basin experiment was identified as the
Brazil Basin because of its limited size
and eddy activity, strong meridional flow
andwater mass contrasts, and heatfluxes
that reverse with depth. It was noted
however that there are logistic and
scientific reasons to have the well-
measured deep basin underlie any large-
scale Core Project 3measurements, such as
were suggested by the other working
groups, and that these seemed unlikely
tooverliethe BrazilBasin. The potential
advantagesanddisadvantagesofa
self-contained deepbasinexperimentwere
left unresolved.

separate

Summary

Theabove canonly presentanoverview
ofthelively discussionsthattook place
during the Core Project 3 meeting. The
report of the meeting will contain more
details.

Although much remains to be done to
develop a coherent scientific plan for
Core Project 3, several elements are
emerging. Of these, perhaps the most
surprising is the strong emphasis placed
by all the working groups on gyre or
basin-scale experiments using many ofthe
same tools as will be used for Core
Project 1, the Global Description, but in
a way as to provide much more detail of
the fields being observed. The working
groups noted reasons for overlapping
coverage ofthe larger-scale experiments
in the surface, interior and deep-ocean
butthe extenttowhichoverlapping should
be an overriding criteria in their
locationwas notresolved. Similarly, the
advantages and disadvantages of locating
the more traditional limited-areaprocess
experimentsrecommendedfor Core Project 3
within the basin (or basins) selected for
the larger-scale coverage was not
determined. It is however clear that
reasons for some isolated process
experiments  will exist.

The problem of choosing a location for
the majority of the elements of Core
Project 3 was to some extent avoided in
order to focus discussions on which
processes need to be studied in order to
meetthe WOCE goals of model development.
However, with the exception of the deep
Brazil Basin Experiment mentioned above,
it was at least implicitly assumed, as it
isinthe WOCE Scientific Plan, thatthere
are many reasons for locating most of
Core Project 3 in the North Atlantic.

Future planning for Core Project 3
wasdiscussedandaCore Project3Working
Group was formed to carry forward the
enthusiasm and ideas expressed. Its
terms-o f-reference and membership were
confirmed by the SSG in December and are
referredto elsewhereinthisnewsletter.

George Needler, WOCE-IPO,
Institute of Oceanographic Sciences
Wormley, Godalming, Surrey, U.K.



A Finite Element Approach to the Hydrographic Surveying

of an Ocean

Attherecentplanningmeetingfor
Project 3, the Gyre Dynamics Experiment, |
gaveabriefpresentation summarizingthe
discussions of the working group on the
gyre interior. At one point | showed a
sketch of a generic subtropical gyre,
whichincluded severaltrianglesinwhich
intense experimental efforts would be
made. The idea was that these were
located in various differing physical
regimes ofthe gyre. Fromthe back ofthe
audience came a comment that it was
starting to look like a finite element
model. This stuckinmy mind, and back at
my office while preparing the working
group report, | developed the following
finite element approach to doing the
hydrographic survey work that presumably
is a necessary adjunct to the gyre
dynamics experiment. It could also find
application in the global survey (Core
Project 1) and the Southern Ocean
Programme (Core Project 2).

A prime goal of the survey will be to
collect data at sufficient horizontal
resolution to allow the mapping of
property fields (including relative
dynamic height). The simultaneous
collection of acoustic doppler velocity
estimates for a surface reference level
fieldaddsanewdimensiontothissurvey
(maps of absolute dynamic height). Itis
unlikelythatthe amount of datarequired
for mapping will be acquired in synoptic
fashion. Instead the data will be
collected overaperiod ofyears. Asecond
goal is to obtain sufficient repeat
sampling and even time series to explore
seasonality and questions of
representativeness ofsingle realizations
of sections. In scale these might range
fromseasonalreoccupationoflarge areas
ofthegyre, throughevenhigherfrequency
repeatsurveys ofspecificcontrolvolumes
withinwhich specific process experiments
are carried out, downto specific station
lines and individual stations at which we
try to determine the average field.

The classic approach to such an
extended survey has been to make long
lines of hydrographic stations, continent
to continent (or island). This approach

Core

(which | certainly have used myself!)
generally has the features of logistical
efficiency through minimization of
deadhead steaming, and of being able to
add some overall mass balance constraint
to the budgeting for the section. The
usages of an individual section seem
relatively straightforward, particularly

ifthe section is eddy-resolving. Things
become more difficult when sections from
differenttimes are combined, forexample
formappingorestimatingfluxdivergence.
Youfindyourselfrejecting (or otherwise
contouring through) points near the
intersections of sections. You wonder in
the end how much of the map is a
contouring of spatial differences and not
temporal differences. Using the various
control volumes defined by the net of
sections, the non-synopticity limitsthe
application of powerful integral
constraints due to the uncertainty of the
storage term inside the box.

The alternate approach isto build the
net of sections piecewise from
individually synoptic control volume
elements. For the present purpose | will
use triangular elements and the generic
rectangular subtropical oceanusedfor the
gyredynamics experimentdiscussions. The
grid would be distorted (conformally
mappedifyouwill) to“fit"the geometry
(including bathymetry) of a particular
real ocean, including a variable scale to
the elements used in various regions
reflecting the scale of the synoptic
general circulation field. First I will
describe using triangles in efficient
combination to give a synoptic survey
element doable in 30 days. Second I will
describeusingagyrefilling setofthese
synoptic elements to produce a non-
synoptic picture of the gyre that is
actually a mosaic of synoptic “tiles”.
Last | will describe a multiple ship
approach that allows complete local
synopticity to the resultant maps,
although as awhole the field remains non-
synoptic.

For illustration | will suppose that
the basic survey plan includes a section
net composed of zonal lines at latitudes
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Figure 1. Rectangular survey element
formed from two synoptic triangles. At 10
knots, with30nmstationspacingalong

track, and at 3 hours per station it will

take 28 days from start (S) to finish (F).

of 12 °, 24 ° 36 °and 48
linesatintervalsofabout 10
The basictriangleswillthen have north-
southsidesof720nm, and east-westsides
ranging from 587 nm at 120 to 401 nm at
480 (for which | use a rough average of
about 500 nm. Two contiguous triangles
(Figure 1)thenformaconvenientsingle
cruise leg: 3300 nmof steaming distance
taking about 14 days at 10 knots, with
about 110 full water column stations at
30 nm spacing, taking 14 daysat 3 hours
per station, for atotal of 28 days. Two
control volumes are thus obtained, with
maximumsynopticity sincethediagonalleg
isthe lastleg ofthefirsttriangle and
first leg of the second triangle. This
should allowthe most effective combining
of the hydrographic and acoustic doppler
measurements through exercising the
powerful constraint of mass conservation
for each triangle (Joyce et al., 1986).
The diagonal could be either of the two
possibilities, with the selection
depending on the expected pattern of the
general circulation and the bottom
topography, as well as practical matters
like steaming distances to ports. The
diagonal would be the most sensible line
for deploying floats to maximize their
impactonthe subsequentinterpretation of
this pair of triangles.

Anexample ofagenericoceansurveyed
by this method is shown in Figure 2,
a longitudinal width of 70

the

° and meridional
°longitude.

using

° (a narrow

ocean like the North Atlantic). The 42
triangles thus indicated would require
about585 ship days exclusive ofthetime
neededtosteamtoandfromthetriangles
(which presumably would be put to some
good use like XBT’s or float launching -
thingsthatdon’'trequire much additional
ship time). There would be about 2310
stations, separated into 21 synoptic
"tiles”, fromwhichanon-synopticmosaic
can be constructed. Each of the four
zonal and eight meridional sections is
non-synoptic, but a composite of non
overlapping synoptic segments. Of those
twelve sections, allbutthe four defining

the outside of the domain are completely
occupied twice. The 12 °and 48
could be separately repeated, possibly
with additional triangles for exploring

the connections of the subtropical gyre to
the subpolar and tropical circulations.
The meridional sections atthe ends of the
domainwould be shallowsectionsfollowing
the shelfbreakto close the massbalance
for these triangles, and are probably
logistically easy to repeat if desired.
The points where four of the rectangles
meetare each occupied fromfourto eight
times (depending onthe orientation of the
diagonals). Thus the basic survey
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Figure 2. The mosaic of synoptic tiles
that results from surveying a generic
subtropical gyre with one ship using the
survey element shown in Figure 1. The
individual meridians of longitude and
parallels of latitude in the interior are
sampled twice. The survey represents
about 2310 stations and about 585 ship
days exclusive of steaming time to and
from port stops. Each rectangle is
synoptic, but adjacenttriangles may be
displaced in time.



achieves a good start at the repeat
samplingandtime seriesthatthe overall
programme will require.

What | like the most about this
approach besidestheimpactonthe control
volume constraints onthe combining ofthe
geostrophic shear with the acoustic
doppler measurements, is the notion of
synoptic tiles in a mosaic map. All the
non-synopticity ofthe datacollapsesonto
the boundariesbetween contiguous sampling
rectangles; isopleths in one rectangle
intersectthe shared boundary atdifferent
locations than the same isopleths in the
othertriangle. This doesn’t get smeared
throughout the domain as it does in
physically overlapping data sets.

There will be locations where it is
deemed desirable to achieve more repeat
sampling or time series occupations of
sections or stations than this survey
alone will provide. One sensible way to
approach this would be to repeat sample
some oftheindividualtiles ofthe survey
mosaic. Thismightbetolook atseasonal
or interannual variability, or to
determine the long term mean, or because a
mesoscale processexperimentisbeingdone
within the control volume.

There are other variations on this
approachthatareintriguing. Hereis one.
Have the three zonal swaths be made by
three ships in parallel operations, so
thateach10  °longitude width meridional
band is synoptic, and as the ships
progress zonallyacrossthe ocean,local
synopticity is attained since successive
bandsare atroughly one monthintervals.
The entire map would then be synoptic
snapshots as before, but contiguous
rectangleswould joinmuch more smoothly,
since all adjacent data would be close in
time, eventhoughthe entire surveywould
take 2/, rds of a year to complete. In
this three ship mode, there probably is no
pointin doing the repeat occupations of
the common boundaries of the rectangles.
Instead, both diagonals are occupied, to
provide even more contour control inside
therectangles. Figure 3shows amodified
one month survey element for the three
ships (the “extra” leg assigned to the
poleward ship, where the convergence of
meridians shortensthe distancesneededto
producethel2  °x10 °grid).Ifthere
any more than a couple of weeks break
scheduled between successive longitude

were
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Figure 3. Rectangular survey elementsfor
three ships operating in concert to
synoptically survey a meridional swath,
and march progressively across an ocean.
Each swath represents about 316 stations
andwouldtake about28 daysto complete.

bands, then the open side of each
rectangle should be occupied to
synoptically close the system. The time

to complete the 70 ° wide ocean in this
three ship mode is 560 days (taking 187
days to do with three ships doing the
work), again exclusive of the time to
steam to and from port. Figure 4 shows
thearrangementofthe 2284 stations that
this survey involves for the 70

ocean. This survey does not have the
repeat occ upations that the first plan
achieves, but the extra diagonals give a
betterspatial resolutionincompensation.

An example of an intermediate design
phaseforsuchasurveytechnique applied
to the North Atlantic is shown in
Figure5. It has been presumedthateven
though the focus is on the subtropical
gyre, some level of surveying willbe made
in the adjacent segments of the tropical
and subpolar gyres. The dense sampling
gridof 12 °x10 °has been used, with the
three ship swath mode for the subtropical
regime and the single ship mode for the
high and low latitudes. In this
intermediate stage the basic grid has
beendistortedatthe basinedgestobetter
“fit” the ocean shape. Cruise legs that
would be shortened by the intersection
with the continental shelves, have had

° wide



theirlengthrestoredtothe nominalmonth
by adding extra crossings of the
boundaries (all estimated assuming the
shallow stations along the shelf break
take only a half hour). The next
iteration might include additional
crossings of the Gulf Stream system
between Cape Hatteras and Bermuda to
achieve more complete coverage of the
recirculation system. Italso certainly
would involve further distortion to
conform bettertothe large scale bottom
topography. Further alterations would
reflectisland and other portlocations,
andthe minimization ofdeadhead steaming
distances. Another approach mightbe to
rearrange so as to have the “diagonals”
line up with satellite orbit ground
tracks, ifactual coincidence of
and hydrographic/acoustic doppler data
sets were deemed important.

The author welcomes comments on the
tradeoffs betweenthe classiclonglines
approach and the present control volume
approach, and examples ofeitherapproach
applied to specific oceans or basins. To
returnto my original motivation, which is
the ocean survey for the Gyre Dynamics
Experiment, the next step would be to
select several control volumes in
different dynamical regimes that would be
repeat sampled and be the sites of more
intensive process/dynamic experiments
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Figure 4. The mosaic of synoptic tiles
that results from surveying a generic
subtropical gyre withthree ships marching
progressively across an ocean using the
survey elements shown in Figure 3. The
surveyrepresents about 2284 stationsand
about560 ship days exclusive of steaming
time to and from port stops.
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Figure 5. An intermediate design stage
for the mosaic survey of the North
Atlantic. Survey elements intersecting
the continents are closed by steaming
alongthe 200 meterisobath. Intersecting
tracks at the boundaries have been
separated to provide more crossings of the
boundary regime and turned to cross the
continental shelf at right angles. The
complete survey represents onthe order of
3400 stations and would take about
830 ship days to complete, exclusive of
the steamingtimetoand from portstops.
Afinaladjustmentoftracks couldresult

from minimizing this steaming time, as
well as further consideration of the
expectedcirculationfieldsandthe bottom
topography.

These might include:

*  Westernboundarycurrentandrecircula-
tion, high transport regime.

*  NorthAtlantic Currentbifurcationand
subpolar mode water convection.

* North Atlantic Currentseparationand
interactionwith Labrador Currentand
Deep Western Boundary Current.

» Eastern gyre interior.

« Central gyre interior.

»  Tropical-subtropicalwesternboundary
interaction.

Mike McCartney,
Woods Hole Oceanographic Institution
Woods Hole, Mass.
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Global Circulation Studies: The need for data submission

and exchange in WOCE

TheMarch1986 WOCE newsletter presents
the reader with an interesting contrast
between the data needs of the ocean
modelling community and the requirements
of observational scientists involved in
ocean profiling. In his report of an ad
hoc meeting to discuss density profiling
Joyce discusses some very important
requirements of observational scientists
for stable and reliable temperature,
salinity, depth and oxygen sensors. In
this age of solid state electronics, we
sometimesforgetthatwhile ourelectronic
profiling systems have evolved
dramatically overthe past30years, they
arestilllackinginsome veryfundamental
aspects. As pointed out by Joyce there
are many basic instrument improvements
which can and should be made. Hopefully
inthese improvements some emphasis will
be placed on the development of uniform
standards that will allow future ocean
profiles, collected by a variety of
instruments, tobeintermixedandanalyzed
together. The present variety of sensing
systems, while offering competitive
improvements, does not ease the
intermixing of even basic ocean profile
data. The lack of common standards and
format, such aswere available for bottle
station data, has contributed to the
generaldecreaseinthe global coverage of
ocean profiles.

Thisintroducesthe dichotomy between
the needs of deep ocean profiling, the
precise, accurate profiles of high
vertical resolution and the needs of the
ocean modelling community for
comprehensive coverageintime andspace.
Clearly, with an oceanographic community
of the present size itis not reasonable
toexpectallglobalmeasurementstohave
thelevelsofaccuracyrequiredforwater
mass studies in the deep ocean. There is
an apparent conflict between the need in
instrumentdevelopmentsforautomated and
simple systems that adapt well to use on
ships-of-opportunityandthe needformore
reliable and consistent systems for deep
ocean profiling. Only routine
measurements made fromvolunteer platforms
havethe potential of fulfilling the need
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for repeated wider spatial and temporal
coverage.

Assuming for a moment that both the
need for accurate deep profiles and for
lessaccurate butwidely distributed ones
can and will be met, either by private
industry or by the oceanographiccommunity
itself, then an even more fundamental
problem needs to be addressed. This is
the needforinvestigatorstohave access
to any and all data germane to any
particular WOCE study, including both
newly collected and historical data.
Traditionally oceanographic dataexchange
has been either by the direct exchange
betweenindividual investigators as part
of a larger project, or independent
agreement. Or by the use of a central data
agencywherethe datahave been submitted
by the originating investigator.

There are fundamental differences in
these two forms of data exchange. While
the former is often the more reliable way
to receive data of known quality, it is
notagenerally useful procedureforlarge
amounts of varied data. It would be an
exhausting exercisetopersonallyassemble
a global XBT or hydrographic data file.
Itismuchmore convenienttoassumethat
central data agencies are functioning
properly andthatsuchglobal collections
are available upon request. The problems
with this assumption are many. Painful
past experience has demonstrated that it
is difficult, and often impossible, to
eithersubmitorreceive datafromcentral
agencies. Oftendata carefully editedand
prepared cannot be read by the central
agency, even when converted to the
agency’s format. Data are frequently
misplaced. When an investigator has
succeeded in getting his data accepted by
an agency, he sometimes finds that he
cannot independently request these same
data and get them back. In requesting
data it can be difficult to determine to
what stage the data set has been updated
and how many more data points might be
available but are yet to be converted to
the standard format. Upon plotting up the
distribution of the data received, one



frequently finds thatsome wellknown data
set is missing.

All of these problems have led many
oceanographerstocircumventthe national
data agencies in acquiring data from and
inproviding datato otherinvestigators.
Oceanographersaregenerallywell-informed
by the many coordination meetings, the
wide-spread use of computer mail and the
continuing emergence of newsletters such
as this one for WOCE. Taking advantage of
this close communication oceanographers
have done amazingly well in locating and
exchangingdataneededformanydifferent,
and often originally unrelated studies.

Still this informal system has many
frailties that would likely render it
inoperative inthe expanded needfordata
exchange dictated by the global aspects of
WOCE. Some data collection programmes
that are prime candidates for rapid data
exchange may notmaketheirdatagenerally
available and only route the data to
selected requestors. Other data sets may
be unknown to an investigator requiring
coverage in a certain region or period of
time. Data exchange between individual
scientists also means that data editing
andformatconversionmustbe done either
by the data originator or the data user.

Forthe more extensive datacollection
programmes envisaged for WOCE, itwould be
much more convenient if the data could be
acquired notfrom each data originator but
rather from a central data agency. This
assumesthe central agency can performits
function in a reliable manner. With this
assumption, fulfilled data agencies will
be the appropriate centres for the
submission of, and laterrequestsfor, all
types of oceanographic data. The
extensive datatracking proceduresbeing
planned for WOCE will make it possible to
follow the collection and submission of
oceanographic data and for interested
investigators to locate and request
appropriate measurements.

This all sounds great but requires not
only some major changes in the central
data agencies but a fundamental change in
the way many of us view data exchange and
data submission. We must update our
attitude and approach to data submission
and exchange, be willing to clean up and
submit our datato a central agency and to
ensure the future disposition of these
data by encouraging that all exchanges be
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madethroughthe centralagencies. Timely
submission of data will be a necessity
aswillbeitsprocessingand
Some new system needs to be developed to
guarantee scientific creditor some other

form of acknowledgement for the use of
data submitted to a central agency but not

yet fully utilized by the originating
investigator. In the more routine,
monitoring-like programmesthe community
should acknowledge the initiation and
maintenance of the data collection while

the data themselves become part of the
larger community and aren’ttied up for an
extensive period of time by the
originating investigators. In this way
oceanographerscouldapproachtheattitude
ofthe meteorological communitytoroutine
weather observations; their value is
acknowledgedandtheircollectionendorsed
butthey are notthe domain of any single

set of scientists.

Only through efforts of this kind can
thelimited resourcesofthe observational
oceanographic community be effectively
pooled to approach the global data
requirements envisioned in WOCE. A
similar global approach to
oceanographic observations, is required
fortheir synthesis with satellite sensed
observations, which have the primary
advantage of global coverage. While
specific regional comparisons between
situ and satellite data will be helpful in
evaluating the remotely sensed
measurements only global combinations of
suchregional comparisonswillbe capable
of answering the overall questions of
accuracy and utility of the satellite
observations. This global synthesis has
the added benefit of providing the data
for use with numerical models.

It seems clear that, if an approach
suchasisoutlined aboveis nottaken by
the observationalcommunity, the modelling
groups will develop their own mechanisms
to provide the data sets they need in
order to run and evaluate their models.
Thus, itisappropriate to considerthese
issues as we anticipate the substantial
increase of data during WOCE.

W. Emery,

National Center for Atmospheric
Research

P.O. Box 3000

Boulder, Colorado 80307, U.S.A.
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Sea Ice Issues related to the WOCE Southern Ocean
Programme

The presence of sea ice in the polar

oceans has several prominent climatic i 7| i ;:\ P e
impacts, making it essential to consider 'ﬁ* To0h ) Pt T B h
seaice in any thorough study of polar and SR | '1._;_". T T -'t.'!l._q_ FTTTR
global climate. In the Southern Ocean, \( = ﬂ“:-—-._}-v_:‘t__:yjif
where a major WOCE effortis directed, sea ,_,-q::_:'.__."-}.'g ol
ice extent ranges from a minimum of e =
approximately 4 x 10 6 square kilometersin -
February,whentheiceisconfinedlargely
to portions of the Weddell, Figure 1. Monthly Southern Oceanice edge
Bellingshausen, and Amundsen seas, to a positions, averaged over the four years
maximum of approximately 20 x 10 8 square 1973-1976fromsatellite passive microwave
kilometers in August and September, when data. [From Zwally et al., 1983.]
theice surroundsthe Antarctic continent
and extends northward to 55-65 °S Maykut(1978) has calculated the effect
(Figure 1). Both the large amount of of seaice of various thicknesses on the
wintertime sea ice and the substantial seasonal cycle of sensible and latent heat
seasonal cycle in the sea ice cover fluxesfromthe surfacetotheatmosphere,
contribute to the impact of the ice on the using a simple model of heat transport
regional oceanography and meteorology. Of throughtheice, alongwithclimatological
necessity, the planned WOCE effortsinthe data on air temperatures and incoming
Southern Oceaninclude examination ofthe radiation. His results, illustrated in
sea ice cover from both theoretical and Figure 2, indicate that both sensible and
observational standpoints. This article latent heat fluxes are reduced to near O
identifies several of the important when the ice thickness reaches 1 meter or
impacts sea ice has on the rest of the more.
climate system, thenillustrates how sea Seaice alsohasastrong effectonthe
ice can be observed from satellites, surface shortwave albedo, as indicated by
complementing and extendingthe muchmore thewnhitenessoftheice coverincontrast
spatially and temporally limited in-situ to the dark ocean surface. Reasonable
field observations, and how it can be albedo estimatesforice-free ocean, bare
examined through numerical modelling. ice ofthickness 1 meter or more, andice
Climatic Impacts of Sea Ice T -
; o

Amongthemostimportantofthe climatic g e é =
impacts of seaiceisthatseaice serves Y 2 =
as a strong insulator, restricting I 5
exchanges of heat, mass, and momentum d L é h
between ocean and atmosphere. In fact, - - g "
the winter turbulent heat exchanges from N =
the surface to the atmosphere are often ’ :
reduced by over an order of magnitude, e Vo s " T v oo o e
from hundreds to tens of watts per meter NN e
squared, asaresultofthe presence ofa Figure 2. Seasonal variations in the
seaice cover; and wind-driven waves are sensible and latent heat fluxes from the
often nearly eliminated, a fact well surface to the Arctic atmosphere for
appreciated by individuals on ships various sea ice thicknesses (in meters).
maneuvering in sea ice laden waters. [Redrawn from Maykut, 1978.]
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Figure 3. Regions ofdeep convectionfrom
Killworth (1983) replotted onto polar
projections along with the ice edge
positions on March 5-7, 1974, and
September 16-18, 1974, determined from
satellite passive microwave data. [From
Parkinson, 1985.]

with afresh snow cover are 5-15%, 70-85%,
and 90-98%, respectively. In spring and
summer, as melt pondsformonthe seaice
or the snow becomes wet and dirty, the
albedo of the ice can decrease
significantly, toward the much lower
open- ocean values.

Another consequence of the existence
ofseaiceisthe downwelling occasionally
induced by salt rejection during ice
formation and aging. As ice forms and
ages, saltrejectiontendstoincrease the
density of the oceanic mixed layer
directly below the ice. Depending upon
theinitiallocal density structure of the
ocean, this can lead to a deepening of the
mixed layer and at times to deep
convection and even bottom water
formation. Infact, although observations
are limited, itis likely that much of the
world’s bottom water forms initially in
polar latitudes, in the region of the sea
ice co ver. When plotted on polar
projections along with approximate
seasonal maximum and minimum ice edge
locations (Figure 3), many ofthe regions
ofdeepconvectionidentified by
(1983) in a paper specifically on deep
convection are seen to occur in the
vicinity of either the landward or the
seaward ice edge. In a study using
satellite and in-situ observations to
examine coastal polynyas along the

Killworth
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Antarctic continent, Cavalieriand Martin
(1985)findthatthe observed shelfwater
salinity elevations are associated with
the average size of nearby coastal
polynyas andthereby concludethatthese
coastal polynyas are the sources of the
brine needed for generating the dense
Antarctic shelfwater, thus contributing
to the formation of Antarctic bottom
water. Antarctic bottom water in turn has
asignificantimpactonthe bottomwater
of the globe as a whole.
Seaicealsoplaysanimportantrolein
the surface horizontaltransports ofheat
and salt. In particular, the net
equatorward flow of the ice away from the
Antarctic continent provides an
equatorwardflowofvery cold, relatively
fresh water, sometimes referred to as
negative heatandsalttransports produced
by the ice motion. This net equatorward
flow (and the associated fact that, on
average, the release of energy during ice
formation occurs in more poleward
latitudes than the absorption of energy
duringice melt) hasatendencytoreduce
regional temperature contrasts.

Satellite Imaging of Sea Ice

Usefulimagingofseaiceby satellites
has beendone withavariety of satellite
sensors. Among these are the

Multispectral Scannerand Thematic Mapper
onthe Landsatsatellite series, the
High Resolution Radiometers (VHRRs) and
Advanced VeryHigh Resolution Radiometers
(AVHRRSs) on the NOAA satellite series and
on Tiros-N, the Electrically Scanning
Microwave Radiometer (ESMR) on Nimbus 5,
the Scanning Multichannel Microwave
Radiometer (SMMR) on Nimbus 7, and the
Synthetic Aperture Radar (SAR) on Seasat.
The Landsat sensors, VHRRs, and AVHRRS
record in the visible and infrared
wavelengths, whereasthe ESMR and SMMR are
passive microwave sensors, and the SAR is
an active microwave sensor.
Eachoftheinstrumentsmentionedabove
has various advantages and disadvantages
for sea ice observations. For instance,
although Landsatimageshavetheadvantage
of good spatial resolution of
approximately 80 meters, allowing
individual ice floes to be readily

Very
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Figure 4. Landsatimage of seaice within
the Weddell Sea, November 17, 1973.

distinguished (e.g. Figure 4), they have
three major disadvantagesrelativetothe
passive microwave images from ESMR and
SMMR: Landsat images have much poorer
temporal resolution, with repeat orbits
coming every 18 days compared to
approximately every day for the ESMR and
SMMR; they are obscured by cloud; and
they are useless during hours or months of
darkness. On the other hand, passive
microwave datahave amuch coarserspatial
resolution of about 30 kilometers, so that
whereas the Landsat images can be used to
determine floe shapes and sizes and to
track individual ice floes, the passive
microwave images cannot. The Seasat SAR
datahad aresolution of 25-40 meters and,
in contrast to Landsat data, were not
hindered by cloud or darkness. SAR data
revealed details ‘of ice morphology,
structural changes, and drift. AVHRR
images have aresolution ofapproximately
1.1 kilometers and are, like the Landsat
images, obscured by cloud. The readeris
referred to Freden and Gordon (1983),
Kidwell (1983), and Fu and Holt (1982) for
more details on Landsat, AVHRR, and the
Seasat SAR, respectively.

Passive microwave data have major
advantagesfordetermininglarge-scale sea
ice conditions and for climate studies.
Because ofthe sharp contrastinmicrowave
emissions between seaice and openwater,
microwave datacanbe usedto estimate the
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areal fraction of seaice coverage (or sea
ice concentration) through a basically
linear conversion from microwave
brightness temperatures to sea ice
concentrations (Zwally et al., 1983). In
regions with a mixture of ice types the
ice concentration estimates are less
accurate than in regionswith only one ice
type plus open water, because different
ice types have different microwave
signatures; but in the Southern Ocean
most of the ice is believed to have a
fairly uniform microwave signature,
facilitating the interpretations. With
passive microwave dataitbecomespossible
to provide images of sea ice extent and
approximate ice concentrations for the
entire Southern Ocean (Figures 5 and 6),
and to do so on a routine basis, with a
frequency of every few days. Such large-
scale mapping could not be done with
current Landsat, AVHRR, or SAR data.
Thus, while the latter sensors can and
have been used effectively for detailed
local studies, it is passive microwave
data which allow the seasonal cycle and
interannual variations in the sea ice
coverasawholetobe routinely monitored
by satellite imagery. Multichannel
microwave instruments such as the SMMR
have improvedthe determination of seaice
concentrationoverthat possible fromthe
single-channel ESMR and allow the
possibility of determining additional
variables such as ice temperature, ice
type, snow cover, and surface melting
(Cavalieri et al., 1984).

Duringtheintensive observing period
forWOCE, inthe early 1990s, there should
be available visible and infrared data
fromLandsatand NOAA satellites, passive
microwave data from the Special Sensor
Microwave Imager (SSMI) onthe satellites
of the U.S. Defense Meteorological
Satellite Program (DMSP), and active
microwave data from SARs on the European
Space Agency’s Remote Sensing Satellite
(ERS-1), the Canadian/U.S. Radarsat, and
the Japanese Radar Satellite.

Numerical modelling of Sea Ice

Large-scale numericalmodellingofsea
ice is generally based on energy
calculations for simulating ice

balance
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Figure 5. Seasonal extremes in Southern Ocean seaice cover illustrated by maps

of the September 1974 and February 1975 ice concentrations, as determined from
dataof  the Nimbus 5 ESMR. The September image clearly shows a prominent Weddell
polynya centered at about O °E, 67 °S. [From Zwally et al., 1983.]
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Figure 6. Interannual variations in Southern Ocean sea ice cover illustrated by
maps of September ice concentrations in 1973, 1974, 1975, and 1976, as determined
from data of the Nimbus 5 ESMR. [From Zwally et al., 1983.]
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thermodynamicsandamomentumbalancefor
simulating ice dynamics. For the
thermodynamics, therelevantfluxesatthe
upper surface ofthe ice (or ofthe snow
ifasnowlayeroverliestheice) arethe
incident and reflected solar radiation,

the incident and reflected longwave
radiationfromthe atmosphere, the emitted
longwave radiation from the ice or
snow surface, the sensible and latent heat
fluxes, the conductive flux through the

ice or snow, and the flux due to surface
melting ofthe ice. Atthe bottom surface

of the ice the relevant fluxes are the
oceanic heat flux from the water to the

ice, the conductive fluxthroughtheice,

and the flux due to melting or freezing at

the ice/water interface. Calculations
balancing these various energy fluxes
allowdetermination ofthetemperature and
thickness of the ice at each grid square
ofthe model. Details ofthe calculations
foralarge-scale, three-dimensional sea

ice model and a complete set of
formulations for the fluxes can be found

in Parkinson and Washington (1979).
Maykut andUntersteiner (1971) presenta
more elaborate but one-dimensional model
of the vertical growth and decay of sea
iceatanindividual point,and this might

also prove of value during WOCE, for
detailed local sea ice studies.

For simulating ice dynamics, ice
motions are generally agreed to be
predominantly controlled byfive stresses:
wind stress from above the ice, water
stress from below the ice, and the
stresses  induced bythe Coriolis effect,
the dynamic topography (or ocean tilt),
andinternaliceresistance. These, then,
are the five stresses included in the
momentum balance. Of the five stresses,
the one duetointernal ice resistance has
probably generated the most controversy
amongst sea-ice modellers. The ice has
been treated variously with viscous,
elastic, plastic, elastic-plastic, or
viscous-plasticconstitutive equationsfor
use in the ice-resistance term. The
readeris referred to Hibler (1979) for a
review of some of these treatments and
for the details of the ice dynamics
calculations using a viscous-plastic
approach.

Figure 7 presents bimonthly results
fromadynamic/thermodynamic model ofthe
sea ice cover of the entire Southern
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Ocean, showingthe simulated contours of

sea ice thickness and the simulated
seasonal growth and decay of the ice

cover. Few if any other sea ice models
have been applied tothe Southern Ocean as

awhole, butsmaller-scalesimulations with
dynamic/thermodynamic models have been

done of the Weddell Sea region. In one,

Parkinson (1983) examinedthe formation of

Figure 7. Bimonthly sea ice thickness

contours (in meters) simulated with a
dynamic/thermodynamic model. Stippling
indicates areas with simulated ice
concentrationsexceeding90%. [Rearranged
from Parkinson and Washington, 1979.]

a simulated Weddell polynya and
established that the simulated polynya
formsasaresultofthe windfields used

as input to the model. In the other,
results ofasetof simulations by Hibler

and Ackley (1983)indicate thatincluding
ice dynamics in the calculations, which
requires considerably more computertime
thancalculatingicethermodynamicsalone,
is more important to model results in
summer than in winter (Figure 8).
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Figure 8. Seasonal cycle of sea ice
coverage inthe Weddell Sea as observed
and as simulated with a dynamic/
thermodynamic numerical model and
with thethermodynamics portion ofthat
model. [Redrawn and relabelled from
Hibler and Ackley, 1983.]

In the long run it is important to
create detailed global models coupling
ice,ocean, and atmospheric calculations.
Initial attempts in this direction have
shown, as expected, thatthe simulation of
sea ice in coupled models is hindered by
the variousflawsinthe calculated ocean
andatmosphericfields. Forinstance, far
too little Southern Ocean sea ice is
calculated by Washington etal. (1980) due
to unrealistically warm atmospheric
temperatures. However, coupled
calculations are essential in order to
simulate the full scope of the
interactions betweenthevariousclimatic
components, and consequently the WOCE
plansinclude coupled ocean/ice/atmaosphere
models. Encouraging results in coupling
iceand ocean have beenobtained by Hibler
and Bryan (1984) in a simulation for the
North Atlantic, where they considerably
improve the location of the simulated sea
ice edge by incorporating into the model
warm ocean currents from the south.
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Concluding Comments

Seaiceisanimportant component of
the atmosphere/ocean/ice climate system.
It can be routinely observed from space
throughavariety of satellite sensors and
it has been modelled numerically with a
range of computer models. Although we
have learned much about sea ice in the
pastseveral decades, muchstillremains
unknown. Importantsea-ice-related
to be examined during WOCE include the
determination of heatfluxvaluesbetween
oceanand atmosphere andthe impactof sea
iceonthem, theformationand maintenance
of coastal and other polynyas, and the
impact of the vertical salt flux during
seaice formation, particularly on mixed-
layer deepening and bottom-water
formation. Each of these will likely
involve a combination of in-situ
observations, satellite data, and
numerical modelling.
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Ocean Workshop, Bremerhaven, May 1986.
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WOCE is a component of the World
Climate Research Programme (WCRP)
whichwas establishedby WMOand ICSU,
andiscarried outinassociation with
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and development of WOCE is under the
guidance of the JSC/CCCO Scientific
Steering Group for WOCE, assisted by
the International WOCE Planning Office.
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WMO-ICSUandIOC-SCOR,respectively for
formulating overall WCRP scientific
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We hope that colleagues will see
thisNewsletterasameansof reporting
workin progress relatedtothe Goals
of WOCE asdescribedinthe Scientific
Plan. The SSG will use it also to
reportprogress ofworking groups, and
of experiment design and of models.

The editorwillbe pleasedtosend
copiesofthe Newsletterto Institutes
and Research Scientists with an
interestin WOCE orrelated research.
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